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The acrosome is a secretory vesicle attached to the nucleus of the sperm. Our hypothesis is that microtubules participate in the membrane
traffic between the Golgi apparatus and acrosome during the first steps of spermatid differentiation. In this work, we show that nocodazole-
induced microtubule depolarization triggers the formation of vesicles of the acrosomal membrane, without detaching the acrosome from the
nuclear envelope. Nocodazole also induced fragmentation of the Golgi apparatus as determined by antibodies against giantin, golgin-97 and
GM130, and electron microscopy. Conversely, neither the acrosome nor the Golgi apparatus underwent fragmentation in elongating spermatids
(acrosome- and maturation-phase). The microtubule network of round spermatids of azh/azh mice also became disorganized. Disorganization
correlated with fragmentation of the acrosome and the Golgi apparatus, as evaluated by domain-specific markers. Elongating spermatids
(acrosome and maturation-phase) of azh/azh mice also had alterations in microtubule organization, acrosome, and Golgi apparatus. Finally, the
spermatozoa of azh/azh mice displayed aberrant localization of the acrosomal protein sp56 in both the post-acrosomal and flagellum domains. Our
results suggest that microtubules participate in the formation and/or maintenance of the structure of the acrosome and the Golgi apparatus and that
the organization of the microtubules in round spermatids is key to sorting acrosomal proteins to the proper organelle.
© 2006 Elsevier Inc. All rights reserved.Keywords: Spermatid; Spermatogenesis; Cytoskeleton; Spermatozoa; Differentiation; Acrosome; Microtubules; Golgin-97Introduction
The acrosome is the secretory vesicle of mammalian sperm
that contains hydrolytic enzymes that are believed to participate
in the interaction with and penetration of the zona pellucida
(Barros et al., 1996; Ramalho-Santos et al., 2002). Acrosome
biogenesis is a multi-step process involving poorly understood
events, including vesicular trafficking and organelle migration
(de Kretser and Kerr, 1988). The first step of acrosome
formation, known as the Golgi-phase, is marked by the fusion of
Golgi-derived proacrosomal granules (which contain some, but
not all, acrosome components) into a single acrosomal granule⁎ Corresponding author. Unit of Reproduction and Developmental Biology,
Physiology Department, Faculty of Biological Sciences, Pontifical Catholic
University of Chile, Portugal 49-Santiago 340-213, Chile. Fax: +56 2 222 5515.
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doi:10.1016/j.ydbio.2006.02.001that attaches to the cell nucleus. During the cap-phase, fusion of
many (presumably Golgi-derived) vesicles takes place around
the granule, forming the acrosomal vesicle. This initially
rounded vesicle spreads over the nucleus concomitant with
Golgi apparatus migration to the opposite cell pole. During the
acrosome-phase, the nucleus of the spermatid begins to
elongate. The acrosome reaches its final shape at the end of
the maturation-phase. Most of the cytoplasm and organelles are
discarded in the residual body, which is phagocytized and
digested by the Sertoli cell (de Kretser and Kerr, 1988; Russell
et al., 1990).
Acrosomal proteins are synthesized in the Golgi apparatus
and then delivered to the acrosome in membrane bound vesicles
(Escalier et al., 1991). In somatic cells, it has been shown that
the molecular machinery involved both in docking and fusion of
cargo vesicles to their target membrane involves a large family
of Soluble N-ethylmaleimide sensitive factor Attachment
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have identified several members of this family of proteins at the
acrosomal vesicle during spermiogenesis (Ramalho-Santos et
al., 2002). In addition, it is believed that the Golgi apparatus
contributes to the enlargement of the acrosome by providing a
continuous membrane flow during Golgi- and cap-phase
(Moreno et al., 2000b). We have previously shown that cis-
Golgi proteins like golgin95/GM130, giantin, and beta-COP are
present both in the Golgi apparatus and in the acrosomal vesicle
in Golgi- and cap-phase spermatids (Moreno et al., 2000b;
Ramalho-Santos and Moreno, 2001; Ramalho-Santos et al.,
2001). The presence of resident Golgi proteins in the
developing acrosome led us to postulate that vesicles emanating
from different Golgi stacks provide membranes to the acrosome
(Moreno et al., 1998, 2000b; Ramalho-Santos et al., 2002).
In somatic cells, the Golgi apparatus is interesting in that not
only its subcellular localization at the center, but also its very
existence as a single organelle is dependent on microtubules
(Lippincott-Schwartz, 1998; Rios and Bornens, 2003). Noco-
dazole or colchicine induces the dispersal of proteins like
GM130, giantin, and golgin-97 throughout the cytoplasm, not
in ordered stacks around the centrosome (Hammond and Glick,
2000; Takatsuki et al., 2002; Yang and Storrie, 1998). In the
same way, it has been shown that upon de-polymerization of
microtubules, movement of secretory vesicles ceased and
secretion of human chromogranin B was slowed (Wacker et
al., 1997). Similarly, the saltatory motion of post-Golgi vesicles
carrying vesicular stomatitis virus G-green fluorescent protein
(VSV-GFP) stopped after nocodazole treatment (Wacker et al.,
1997). Using sequential two-color epifluorescence microscopy,
some post-Golgi vesicles loaded with VSV-GFP co-localized
with microtubules in the cytosol of PtK2 cells (Toomre et al.,
1999). These data suggest that microtubules facilitate the
transport of biosynthetic cargo away from the Golgi, but also
that microtubules are not absolutely required for secretion.
However, microtubule organization in mammalian sperma-
tids is completely different from somatic cells. At the Golgi-
phase, mammalian spermatids display a dense microtubule
array at the cortical part of the cell without any evidence of a
centrosome (Cherry and Hsu, 1984; Moreno and Schatten,
2000). During cap-phase, the cortical microtubule array
disappears and microtubules start to assemble on the nuclear
surface at the opposite side of the acrosome (Cherry and Hsu,
1984; Moreno and Schatten, 2000). The microtubules are now
oriented parallel to the main axis of the spermatid around the
nucleus. This array of microtubules is known as the manchette,
and it remains linked to the nucleus of the spermatid until the
maturation-phase (MacKinnon et al., 1973; Moreno and
Schatten, 2000). It is believed that the manchette has a role in
shaping of the head and acrosome during the last steps of
spermatogenesis (Fawcett et al., 1971; Russell et al., 1981,
1991). However, the study of this issue has been difficult due to
the lack of suitable models of acrosome biogenesis. Many
studies have taken advantage of microtubule de-polymerizing
drugs like nocodazole or colchicine to determine the role of
microtubules and the manchette during spermiogenesis. How-
ever, they have not shed any light in the early steps of acrosomeformation, because they have focused on late steps of
spermiogenesis (steps 10–12), when the manchette has already
been formed.
An alternative way to study the role of microtubules in
acrosome biogenesis is to seek for mouse models that have
specific mutations in the microtubule cytoskeleton or acrosome
formation. The azh mutation is associated with an autosomal
recessive pattern of inheritance, and the azh locus was mapped
to mouse chromosome 4 (Meistrich et al., 1992). Mice carrying
the azh mutation produce 100% abnormal looking sperm and
have abnormalities in the formation and organization of the
manchette (Cole et al., 1988; Meistrich et al., 1990; Russell et
al., 1991). Recently, it has been reported that the azhmutation is
due to a deletion of exons 10 and 11 in the murine Hook1 gene
leading to a nonfunctional protein (Mendoza-Lujambio et al.,
2002). The protein, Hook1, encoded by this gene, is involved in
the interaction between the Golgi apparatus to microtubules.
However, it is not known whether azh/azh spermatids also have
disorganization in the assembly/sorting of the acrosomal
vesicles.
In this work, we have a comparative study using both genetic
and pharmacological approaches to study the role of micro-
tubules in acrosome biogenesis. We hypothesize that the
particular organization of the microtubule network in mamma-
lian spermatids is directly involved in the membrane flow from
the Golgi apparatus to the acrosomal vesicle. Here we show that
the microtubule network in mice spermatids is involved in the
position/structure and sorting of Golgi-derived vesicles to
specific cell compartments. We propose that alterations in the
organization of the spermatid cytoskeleton may provoke mis-
sorting of proteins to the wrong cell compartments.
Materials and methods
Chemicals
All chemicals were obtained from Sigma Chemical Co (St. Louis, MO),
unless stated otherwise.
Antibodies
Rabbit polyclonal antibodies against syn-taxin1A, syntaxin 1B, and VAMP/
synaptobrevin 1 and 2 were obtained from Synaptic Systems (Göttingen,
Germany). Monoclonal antibodies against acrosin were purchased from
BIOSONDA (Santiago, Chile), and a monoclonal antibody against the mouse
protein sp56, related to the guinea pig acrosomal matrix protein AM67, was
obtained from QED Bioscience (San Diego, CA). Anti-giantin and anti-golgin-
97 were prepared as described previously (Fritzler et al., 1995; Griffith et al.,
1997). The antibody against GM130 was purchased from Transduction
Laboratories (Lexington, KY).
Isolation of spermatogenic cells
Spermatogenic cells were isolated from adult mouse testes using previously
described methodology (Moreno et al., 2000a,b). Briefly, the testes were
dissected into a petri dish with EKRB (enriched Krebs-Ringer bicarbonate)
medium containing 120.1 mM NaCl, 4.8 mM KCl, 25.2 mM NaHCO3, 1.2 mM
KH2PO4 (pH 7.2), 1.2 mM MgSO4 z 7H2O, 1.3 mM CaCl2, supplemented with
11.1 mM glucose, 1 mM glutamine, 10 ml/l MEM essential amino acid solution
(Sigma), 10 ml/l BME nonessential amino acid solution (Sigma), 100 mg/ml
streptomycin, and 100 U/ml penicillin (K salt). Dry collagenase was then added
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45 min at 32°C with gentle stirring. Once the seminiferous tubules were
dispersed in the medium, they were allowed to settle at the bottom of the dish,
and the medium was aspirated and discarded. The tubules were then placed in
fresh EKRB containing 1 mg/ml DNase I and 0.25 μg/ml trypsin and incubated
for 15–45 min with stirring and gentle pipetting. Released spermatogenic cells
were pelleted by centrifugation (10 min at 500×g) and washed twice in EKRB
before being attached to poly-L-lysine-coated coverslips. Mouse spermatozoa
were isolated from adult mouse epididymis and attached to poly-L-lysine-coated
coverslips before fixation (see below).
Immunocytochemistry
Coverslips with spermatogenic cells were placed in PBS containing 2%
formaldehyde and fixed for 1 h. Following fixation, the samples were
permeabilized for 60 min in PBS containing 1% Triton X-100, and nonspecific
reactions were blocked by further incubation in PBS containing 2 mg/ml bovine
serum albumin and 130 mM glycine. For labeling, the antibodies were diluted in
this blocking solution and incubated with the coverslips for 1–2 h at the
appropriate dilutions. After extensive washing in PBS containing 0.1% Triton
X-100, the samples were sequentially labeled with either Alexa-488 or Alexa-
568 (Molecular Probes) appropriate secondary antibodies for 1 h and the DNA
stain 49,69-diamino-2-phenylindole (Molecular Probes) for 5 min. Following
these incubations, coverslips were mounted in VectaShield mounting medium
(Vector Labs, Burlin-game, CA) and sealed with nail polish. Samples were
examined with a Nikon Eclipse E1000 or Axiophot epifluorescence microscope
equipped with a digital camera Coolpix 4500 (Nikon, Japan).
Nocodazole treatment
For nocodazole experiments, the seminiferous tubules were released directly
in 1 ml of EKRB medium supplemented with HEPES and BSA. The germ cells
were isolated as described above and cultured in Falcon petri dishes in EKRB
supplemented with 25 mM HEPES and BSA (2 mg/ml), penicillin (100 U/ml),
streptomycin (100 mg/ml), and nocodazole (1 μg/ml, diluted from a 1 mM stock
in DMSO, Sigma). Identical medium without nocodazole, but with a volume of
DMSO equivalent to that added to nocodazole-treated plates, was used as aFig. 1. Acrosome fragmentation in azh/azh spermatids. Syntaxin labels mainly the a
azh/+ (A, C) and wild type (B, D). Nonetheless, azh/+ spermatids show more cytop
showing labeling of syntaxin at the acrosome and a cytoplasmic vesicle (arrow). (F, G)
to the acrosome. (H) Elongating spermatids with labeling at the acrosome, the post-acr
DAPI. Scale bars, 5 μm (A–D) and 2 μm (E, F).negative control. The concentration of cells was 1–3 × 106/ml. Germ cells were
incubated with either nocodazole or vehicle for 1 h in a CO2 incubator at 32°C.
Quantitative analysis
To quantify the number of giantin and Syntaxin fragments/vesicles, we used
confocal imaging with a Leica TCS-NT confocal microscope (Bensheim,
Germany). Each spermatid was optically sectioned through the z-axis every
1 μm and then reconstructed using the Program Metamorph 4.0 (Universal
Imaging Systems, Downingtown PA). The number of vesicles in each cell was
counted in the reconstructed image; a total of 100 cells were used in each
experiment.
Statistical analysis
For means comparisons, we used an analysis of variance (ANOVA). When
the ANOVA test showed statistical differences, the Student–Newman–Keuls
(SNK) test was used to discriminate between groups. The 2-test was used for
comparison of frequencies. Significance is defined as P < 0.05.Results
Syntaxin labeled only the acrosomal vesicle in wild type
(+/+) and heterozygous (azh/+) round spermatids and elongat-
ing spermatids (Figs. 1A–D). On the contrary, round and
elongating azh/azh spermatids (based by the nuclear shape)
displayed one or more syntaxin-containing vesicles spread out
or aligned in the cytoplasm (Figs. 1E–H, arrow). These vesicles
were never observed in wild type or heterozygote (azh/+)
spermatids. In addition, syntaxin had a higher cytoplasmic
signal in azh/azh round spermatids than in wild type or azh/+.
We found that 65 ± 13% of round azh/azh spermatids and
71 ± 16% of elongating azh/azh spermatids displayed vesicles
in the cytoplasm or fragmentation in the acrosome (Fig. 2A,crosome in both round (A, B) and elongating (C, D) spermatids of heterozygote
lasmic labeling than wild type in every cell type. (E) azh/azh round spermatids
Elongating spermatids showing several vesicles containing syntaxin, in addition
osomal domain, and the cytoplasmic lobe. The inserts show nuclear staining with
Fig. 2. Quantification of acrosome and Golgi apparatus fragmentation in
nocodazole-treated and azh/azh spermatids. After nocodazole treatment (gray
bars), a higher proportion of round spermatids (RS) showed fragmentation of the
acrosome (A) and the Golgi apparatus (B) in comparison with the controls
(white bars, P < 0.05). On the other hand, the percentages of elongating
spermatids (EL) with fragmented acrosomes (A) or Golgi apparatus were similar
to controls. Both round and elongating spermatids of azh/azh mice (black bars)
showed an increase in the proportion of fragmented acrosome and Golgi
apparatus compared to controls (black bars, P < 0.05).
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wild type spermatids (Fig. 2A, white bars). These results
suggest that acrosome assembly is defective in azh/azh
spermatids during early steps of spermiogenesis. These results
could be due to alteration in the microtubule cytoskeleton, the
Golgi apparatus, or both.
azh/azh round spermatid (Figs. 3B–D) displayed a variety of
microtubule arrays (in red), all of them different from the pattern
displayed by wild type spermatids (Fig. 3A). Some cells had
bundles of microtubules running around the nucleus and some
perpendicular to the plasma membrane (Fig. 3B). Other
spermatids had a diffuse label with only a few discernible
microtubules or short microtubules, some of them in bundles
near the plasma membrane or the nucleus (Figs. 3C, D). We
observed abnormal positioning of manchette microtubules in
spermatids at steps 8–9 in azh/azh mice (Figs. 3F–H) comparedto wild type (Fig. 3E). Some of the microtubules were directed
towards the plasma membrane and were not associated with
manchette formation (Fig. 3F). In addition, sheets of micro-
tubules were observed in ectopic positions and associated with
club shaped heads (Fig. 3H). Thus, the microtubule cytoskel-
eton showed abnormal organization in both round and
elongating azh/azh spermatids.
By using imaging of the Golgi apparatus with an anti-giantin
antibody (in yellow), we found that most of the azh/azh round
spermatids (Figs. 3B–D) showed alteration in the shape and
integrity of the Golgi apparatus from wild type spermatids (Fig.
3A). Some azh/azh spermatids showed a ring-like organization
of Golgi fragments at the periacrosomal area (Fig. 3B). In
addition, round (Fig. 3C) and elongating spermatids (Figs. 3F–
H) showed Golgi fragments scattered throughout the cytoplasm.
At the ultrastructural level, round and elongating azh/azh
spermatids showed several vesicles in the cytoplasm (Figs. 4E,
F, respectively) consistent with our immunofluorescence data.
Note that these vesicles were not found in wild type round
spermatid (Fig. 4D). Quantification of our results indicated that
73 ± 12% of round and 68 ± 13% of elongating azh/azh
spermatids showed fragmentation in the Golgi apparatus (Fig.
2B, black bars). These numbers were significantly higher than
wild type (Fig. 2B, white bars). Regarding the number of
giantin-containing vesicles, we found that azh/azh round
spermatids had 6 ± 1.7 fragments per cell, which was sig-
nificantly higher than wild type (Fig. 2C; P < 0.05). Elongating
azh/azh spermatids had 7 ± 2.3 fragments per cell, which was
significantly higher than controls (Fig. 2C; P < 0.05).
Our results suggest that there is a correlation between
alteration in the structure and organization of the microtubule
cytoskeleton, and alteration in the Golgi apparatus and
acrosomal vesicle in azh/azh round and elongating spermatids.
Nocodazole induces fragmentation of the acrosome and the
Golgi apparatus in spermatids
Nocodazole treatment induced a disassembly of the
microtubule network (in red) of round spermatids in Golgi-
phase and cap-phase (Figs. 5A, B), compared to control (Fig.
3A), but not the manchette in elongating spermatids (Figs. 5C,
F). In the same way, the acrosome was fragmented or appeared
released from the nuclear envelope in round but not in
elongating spermatids (Figs. 4A, B). In order to quantify
acrosome fragmentation, we labeled nocodazole-treated cells
with syntaxin1A because it labeled only the acrosomal vesicle
in control spermatids (Fig. 1D). Then, we quantified the
percentage of round or elongating spermatids with fragmented
syntaxin-containing vesicles in the cytoplasm (Fig. 5B). We
observed that 78 ± 9% of the nocodazole-treated round
spermatids showed evidence of acrosome fragmentation (Fig.
2A, gray bars). This number was significantly higher than
nontreated round spermatids (Fig. 2A, white bars) or elongating
spermatids, regardless if they were treated or not (Fig. 2A, white
and grey bars). It is interesting that the proportion of round
spermatids with fragmented acrosomes after nocodazole
treatment was similar to azh/azh spermatids. At the
Fig. 3. Golgi apparatus fragmentation and microtubule configuration in azh/azh spermatids. Wild type mouse round spermatids display a similar configuration of
microtubules (A). In these cells, the microtubules are in a dense cortical network (red) and the Golgi apparatus, imaged with giantin (yellow), appears as a crescent
shape over the nucleus (blue). Some microtubules also occupy the entire spermatid cytoplasm and are arranged perinuclear as well. Round spermatids from azh/azh
displayed a wide range of alterations both in the Golgi and microtubule configuration (B–D). (E) Elongating wild type spermatid shows microtubules running around
the nucleus forming the manchette. The Golgi apparatus is a compact structure (yellow) in the cytoplasmic lobe. (F–H) Elongating azh/azh spermatids displayed a
dramatic fragmentation of the Golgi apparatus, with many vesicles distributed in the cytoplasm. Scale bar, 2 μm.
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3–4) appeared full of vesicles; we observed acrosomal
membrane vesicle formation and some were at the first stepsFig. 4. Ultrastructural observations of nocodazole treated and azh/azh spermatids
Cytoplasmic vesicles from round spermatids treated with nocodazole. Here, a ves
nocodazole-treated round spermatid showing acrosome fragmentation. The acrosome
nuclear membrane (perinuclear theca). (D) A Golgi apparatus from a nontreated mou
an orientation different from controls. (F) Golgi apparatus of azh/azh round sperm sho
the cytoplasm. Scale bar, 1 μm.of budding from the acrosome (Figs. 4B, C). Our evidence
strongly shows that microtubule de-polymerization induced
acrosome vesicle formation, but it did not induce acrosome. (A) The acrosome is attached to the cell nucleus in round spermatids. (B)
icle that resembles the acrosomal granule is swimming in the cytoplasm (C)
shows clear signs of vesicle formation (arrowhead), without detachment from the
se round spermatid. (E) Golgi apparatus of an azh/azh round spermatid showing
wing multiple vesicles lined up (double arrow) along with many other vesicles in
Fig. 5. Nocodazole induces fragmentation of acrosome and Golgi apparatus in round, but not elongating spermatids. The acrosome of nocodazole-treated round
spermatids displays several structural abnormalities. In some spermatids, it appears detached from the nucleus (A), or syntaxin-containing vesicles appeared in the
cytoplasm (B, arrowheads). On the other hand, the acrosome of elongating spermatids did not show any evidence of fragmentation, detachment or other structural
alterations (C). Nocodazole induces fragments containing giantin (yellow) in round spermatids (D, E). Single cell analysis by confocal microscopy showed that,
besides the formation of cytoplasmic vesicles, giantin stack-like structures wrap part of the nucleus (D, arrow). However, most of the elongating spermatids did not
show any sign of Golgi fragmentation (F). Although most of the microtubules of round spermatids disappeared after nocodazole treatment, the manchette did not show
any obvious evidence of structural alteration in elongating spermatids. Scale bar, 2 μm.
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also induced fragmentation of the Golgi apparatus (in yellow) in
round spermatids (Figs. 5D, E), but not in elongating spermatids
(Fig. 5F). Giantin-containing fragments were spread throughout
the cytoplasm or on the nucleus surface of round spermatids as
has been described in cultured somatic cells (Fig. 5D, arrow).
Our results indicated that 86 ± 11% of the round spermatids
showed fragmentation of the Golgi apparatus having a mean of
5 ± 2 fragments per cell. These numbers were significantly
higher than the controls (Figs. 2B, C). On the contrary, only
10 ± 4% of elongating spermatids showed alteration in the
structure of the Golgi apparatus, having a mean of 1.1 ± 0.2
fragments per cell. These numbers were significantly lower than
round spermatids, but not significantly different from controls
(Figs. 2B, C).
We double-labeled the Golgi apparatus with anti-golgin-97
(red) and anti-GM130 (green) antibody in order to determine
whether the fragmentation of the Golgi apparatus induced by
nocodazole affected other Golgi compartments. Golgin-97 and
GM-130 are distributed in different compartments of the Golgi
apparatus, although they showed a slight co-localization in
pachytene, round, and elongating spermatids (Fig. 6A, arrow).
Nocodazole treatment triggered the fragmentation of the Golgi
apparatus and the formation of golgin-97/GM-130 containing
structures throughout the cytoplasm of pachytene spermato-
cytes (Fig. 6B). We also found many vesicles containing golgin-
97/GM-130 in the cytoplasm of round spermatids; however, the
topology of these proteins seemed to be lost in nocodazole-
treated round spermatids (Figs. 6C, D). As we showed
previously with giantin, the relative distribution and integrityof golgin-97 and GM-130 were not altered in elongating
spermatids (Fig. 6E). As with giantin, GM130 seemed to be
localized on the nucleus surface of nocodazole-treated round
spermatids (Figs. 6C, D). Thus, our results indicate that
nocodazole induces the fragmentation of the acrosome and
the Golgi apparatus of round spermatids but not elongating
spermatids.
Misplacement of acrosomal proteins in azh/azh spermatozoa
Our final goal was to determine if alterations in the structure
of the Golgi apparatus and microtubule cytoskeleton of azh/azh
spermatids could lead to alterations in the sorting of acrosomal
proteins during spermiogenesis. The results showed that the
antibody against sp56, an acrosomal antigen, displayed a bright
signal in the acrosome in the wild type sperm (Fig. 7A).
However, azh/azh spermatozoa displayed a number of abnor-
malities in the pattern of sp56 staining. Some of them showed a
break in the continuity of the acrosome (Fig. 7B, arrowhead) or
mis-localization of sp56 at the post-acrosomal level (Fig. 7C,
arrow). Another striking labeling pattern was sp56 at the
flagellum (Fig. 7D, double arrowhead). Quantification of our
observation showed that there was a significant reduction in the
proportion of azh/azh spermatozoa labeled at the acrosome with
anti-sp56 (Table 1). In addition, the proportion of breaks in the
acrosome was increased in azh/+, but it was even higher in azh/
azh spermatozoa (Table 1). The immunostaining was specific,
not due to protein that has been released from dead cells and
absorbed to the surface of other sperm, but because they were
consistently observed in the three azh/azh mice used in this
Fig. 6. Distribution of golgin-97 and GM-130 in mouse spermatids after nocodazole treatment. Golgin-97 (Red) and GM130 (green) partially localize in pachytene,
round, and elongating spermatids (A). In round spermatids, golgin-97 forms a crescent-like structure surrounding GM130 (A). Nocodazole treatment induces the
fragmentation of the Golgi apparatus of pachytene spermatocytes and the formation of structures containing golgin-97 and GM130 similarly to nontreated cells (B).
While most of the round spermatids showed cytoplasmic vesicles containing-GM130, but not Golgi-97 (C, D), the distribution of neither protein was affected in
elongating spermatids (E). (F) Azh/azh round spermatids have fragmentation and separation of GM130 and golgin-97 domains. (G) Azh/azh elongating spermatids
have different grades of fragmentation of GM130 and, to a lesser degree golgin-97. Scale bar, 5 μm.
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localization of acrosomal proteins in azh/azh spermatozoa.
Discussion
The mammalian acrosome is a secretory vesicle derived from
the Golgi apparatus formed during spermiogenesis. However,
there is no information about how Golgi-proacrosomal-derived
vesicles are mobilized towards the nuclear surface. Here we
have shown that microtubules are necessary for normal
acrosome biogenesis and membrane trafficking during mam-
malian spermiogenesis.
In this study, we have used a genetic and a pharmacological
approach to resolve the contribution of microtubules to
acrosome biogenesis. Our genetic approach was to determine
the status of microtubule organization and acrosome architec-
ture in azh mice. Previous studies have clearly shown that
morphological alterations in the head and acrosome of azh mice
are correlated with microtubules localization and organization
in abnormally shaped elongating spermatids (Cole et al., 1988;
Meistrich et al., 1990; Russell et al., 1991; Mendoza-Lujambio
et al., 2002). Our study confirmed these previous observations
in microtubule organization and also showed that the Golgi
apparatus is also abnormally located and organized in
elongating spermatids. We hypothesized that abnormal structureof the Golgi apparatus could be a consequence of microtubule
organization earlier during spermatid differentiation. In this
study, we have shown for the first time that microtubule
configuration in azh round spermatids harbors severe alterations
as compared with wild type cells. We have also shown here that
both round and elongating spermatids display fragmentation of
both the acrosome and Golgi apparatus. Our simplest
explanation is that membrane traffic from Golgi to the acrosome
is hampered in azh/azh round spermatids due to malformation in
the microtubule cytoskeleton, and this may lead to incorrect
interaction between cargo vesicles and microtubules. In this
context, a previous study has shown that azh mutation is due to
a deletion of exons 10 and 11 in the murine Hook1 gene leading
to a nonfunctional protein (Mendoza-Lujambio et al., 2002).
HOOK proteins have different functional domains that cross-
link microtubules to Golgi membranes. In addition, it has been
shown that Hook1 protein localizes to the manchette in
spermatids from steps 8–10, whereas in pre-meiotic germ
cells, no specific Hook1 staining was observed. Thus, it is
possible that absence of Hook1 protein in azh spermatids may
induce severe structural alterations in microtubules and Golgi
apparatus fragmentation (Mendoza-Lujambio et al., 2002).
A key question in our study was whether microtubules are
only involved in transport of vesicles to the forming acrosome
or in nuclear attachment of the acrosomal vesicle as well. Our
Fig. 7. Abnormal distribution of sp56 in azh/azh spermatozoa. (A) sp56 localizes exclusively in the acrosome in wild type. azh/azh spermatozoa show either
discontinuity in the acrosome (B) or post-acrosomal staining (C). In addition, some spermatozoa display staining down the tail (D). Scale bar, 2 μm.
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nocodazole-treated round spermatid showed a high number of
syntaxin-containing vesicles in the cytoplasm. We think that
microtubules contribute to vesicle trafficking and not acrosome
attachment to the nucleus, since our EM pictures clearly showed
that once the acrosomal vesicle is attached to the nuclear
envelope, stages 3–4, nocodazole treatment disrupts the
acrosome, but it could not detach the whole acrosomal vesicle
from the nucleus. Therefore, these results strongly suggest that
microtubules are essential to maintain the proper structure of the
acrosomal vesicle during early steps of spermiogenesis (Moreno
and Schatten, 2000; Moreno et al., 2000a,b). It is possible that
acrosome structure and shaping during spermiogenesis are due
to microtubule-mediated vesicular trafficking from Golgi toTable 1
Localization of sp56 in wild type, azh/+, and azh/azh spermatozoa
Sp56 localization Wild type Azh/+ Azh/azh
Acrosome 92 ± 5.8a 83.1 ± 3.3a 61 ± 2.1b
Acrosome breaks NO 7.2 ± 5.3a 17.8 ± 6.3b
Other than acrosome NO NO 8.2 ± 4.8
The numbers represent the percentage ± SD, at least 200 spermatozoa were
counted in each group, from three different males. Comparison was made
between wild type, azh/+, and azh/azh for sp56 localization, different superscript
indicates significant difference (P < 0.05).
NO—none observed.acrosome. Microtubule disruption in azh mice or nocodazole-
treated round spermatids suppressed Golgi to acrosome
trafficking and left intact acrosome-to-Golgi trafficking,
promoting acrosome disruption and vesicle formation. In
addition, tensional forces could be in part exerted by a
combination of intermediate filaments and actin microfilaments
in the head of spermatid (Kierszenbaum et al., 2003). This
dynamic process could happen only in round spermatids and not
in elongating spermatids due to the highly different microtubule
configuration and vesicular trafficking between both cell types.
Here, we have shown a partial overlapping of cis- (GM130
and giantin) with trans-Golgi (golgin-97) proteins in mouse
germ cells. These proteins belong to a growing family of proteins
named golgins, characterized by a long region of coiled-coil, a
motif known to form an extended rod-like structure (Barr and
Short, 2003). Different studies in somatic cells have shown that
nocodazole induces Golgi fragments retaining their cis-to-trans
polarity and post-cisternae elements, including the trans-Golgi
network. However, we observed that two cis-Golgi proteins
(GM-130 and giantin) were found on the nuclear surface and not
in cytoplasmic fragments, as occurred with golgin-97. In fact,
studies in somatic cells have indicated that when comparing the
kinetics of scattering of trans/TGN and medial/cis-Golgi
proteins following nocodazole, trans/TGN proteins scattered
first, leading to a split of Golgi compartments in nocodazole-
treated cells. We observed separation of cis-Golgi from trans-
226 R.D. Moreno et al. / Developmental Biology 293 (2006) 218–227Golgi in round spermatids, but not pachytene spermatocytes,
treated with nocodazole. We think that this difference may be
related to the cell cycle, which in turn may lead to a different rate
in membrane trafficking or association with microtubules. On
the other hand, elongating spermatids treated with nocodazole
did not experience major changes in the structure or stability of
the Golgi apparatus. Elongating spermatids experience a
dramatic change in microtubule orientation and the cortical
microtubules are re-oriented in a barrel-shaped structured named
manchette, and the Golgi apparatus is located in cytoplasmic
body at the opposite side of the acrosome. We think that the
Golgi apparatus slows or stops its delivery of membrane or cargo
proteins to different cell compartments. In this way, the
microtubule orientation and/or integrity do not affect the
position and organization of the Golgi apparatus in elongating
spermatids.
Sperm morphology has been used as a predictor of
fertilizing capacity because there is a good correlation
between sperm morphology and fertilization in several species
(Yanagimachi, 2003). We have shown here that a significantly
higher proportion of azh/azh spermatozoa had sp56, an
acrosomal protein, in locations other than the acrosome. Sp56
is an acrosomal matrix protein delivered to the acrosomal
vesicle during spermiogenesis in VAMP and syntaxin-
contained vesicles (Foster et al., 1997; Ramalho-Santos et
al., 2001). Misplacement of acrosomal proteins in azh/azh
spermatozoa might be due to in part to improper organization
of microtubules, which in turn allows the translocation of
Golgi-derived vesicle to places other than the acrosome. It is
possible that sorting to other compartments may not rely upon
cytoskeleton organization in the same way the sorting to the
acrosome does. Thus, proteins delivered to other compart-
ments, like the equatorial segment or the plasma membrane at
the principal domain of the acrosome, should be properly
localized. Alternatively, it is possible that alterations in the
microtubule structure in azh mice or nocodazole-treated germ
cells could lead to Golgi apparatus misplacement. In somatic
cells, the concave face of the Golgi apparatus (trans) is
oriented towards the plasma membrane, but several studies
have clearly shown that the trans-Golgi is oriented towards
the cell nucleus in mammalian round spermatids (Burgos and
Gutierrez, 1986; Moreno et al., 2000a,b). This unique position
could be related to membrane trafficking towards the
acrosome in these early steps of spermiogenesis. Studies in
somatic cells have shown that the Golgi apparatus faces the
plasma membrane domain where it needs to be replenished
with new membrane (Thyberg and Moskalewski, 1985). In
this context, it is possible that not only improper vesicle
translocation, but also Golgi apparatus orientation may
contribute with misplacement of acrosomal proteins in azh
spermatozoa. However, despite microtubule and Golgi
apparatus abnormal structure, a great percentage of azh/azh
spermatozoa showed normal sp56 localization. This result
agrees with a previous experiment in cultured Vero cells
indicating that nocodazole-induced disruption of microtubules
does not completely suppress the delivery of secretory vesicles
to the plasma membrane (Toomre et al., 1999). Thus, we thinkthat our results of sp56 localization at the flagellum are specific
and do not relate to unspecific surface adsorption. This staining
pattern was consistently found in several sperm samples
collected from azh mice.
Our results may explain in part the decreased fertility of
azh/azh mice under in vivo or in vitro conditions compared to
normal mice. In addition, past studies indicate that the
orientation of microtubules plays a key role during spermio-
genesis, contributing to delivery of specific proteins to their
proper place in mature sperm (Mendoza-Lujambio et al., 2002).
Similarly, it is possible that abnormally shaped human sperm
have misplaced acrosomal proteins and this may contribute to
their inability to fertilize oocytes (Ward, 2005). This hypothesis
could explain male infertility in some patients with failure in
fertilization but otherwise normal semen parameters. In this
context, orientation of microtubules during spermiogenesis may
be regarded as a new target to evaluate sperm pathology at the
molecular level.
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